The erosion of Be and W marker layers was investigated using long-term samples containing marker layers during the second ITER-like wall discharge campaign 2013-2014 (ILW-2). The samples were mounted in Be coated Inconel tiles between the inner wall guard limiters (IWGL). They were analyzed using elastic backscattering (EBS) before and after exposure. All samples showed noticeable erosion. The results were compared to the data for Be and W erosion rates for the first 2011-2012 JET ITER-like wall (ILW-1) campaign, and to the data for C erosion during the 20 05-20 09 campaign when JET was operated with a carbon wall. The mean W erosion rates and the toroidal and poloidal distributions of the W erosion were nearly the same for the ILW-1 and ILW-2 campaigns. The mean erosion rate of Be during the ILW-2 campaign was smaller by a factor of about two compared to the ILW-1 campaign.
Introduction
Erosion and redeposition of plasma facing materials are important processes that influence component lifetime and hydrogen isotope inventory in nuclear fusion devices. During the carbondominated operational phases of JET thick redeposited layers were observed in many areas of the device [1] [2] [3] [4] . These layers contained large amounts of deuterium due to codeposition [5, 6] .
Before the start of the experimental campaign 2011-2012 [7] , the wall and the divertor of JET were changed and the ITER-like wall (JET-ILW) with W and Be plasma-facing surfaces was installed [8] . The JET-ILW uses bulk beryllium on Inconel carriers for the inner wall guard limiters (IWGL) and outer wall limiters. In areas of increased heat flux W-coated carbon fibre composite (CFC) tiles are used for some IWGLs with recessed centre sections. Between the IWGLs Be coated Inconel tiles are installed. Tungsten coated CFC tiles are used in the divertor with a single belt of bulk tungsten tiles in the center part of the divertor.
The JET-ILW was shown to affect the erosion-deposition patterns [9] [10] [11] [12] and fuel retention [13] as compared to the previous full carbon device. This includes a substantial decrease of erosion from the recessed areas of the inner wall (RAIW) between the IWGLs [11] , which was identified as an important net source of carbon and beryllium redeposited in the divertor [14] [15] [16] [17] . This decreased erosion was accompanied by a decrease of the impurity content of the plasma [18] and decreased deposition of material on divertor tiles [10] and in remote areas of the divertor [12] .
However, during the 2011-2012 (ILW-1) campaign the initial discharge power was relatively low and was continuously increased until it reached the highest power loads only near the end of the campaign [19] . The total input energy for ILW-1 was 150.6 GJ, with a campaign averaged input power of 2.35 MW. Most plasmas had the inner strike point on the vertical inner divertor surface (Tile 3) and the outer strike point on the central bulk tungsten surface (Tile 5) [10] . It is therefore of crucial importance to confirm the positive results of decreased erosion/deposition and fuel retention, as obtained during the ILW-1 campaign, also for the recent 2013-2014 (ILW-2) campaign where somewhat higher power discharges with a total input energy of 200.5 GJ and an average input power of 2.82 MW, i.e. 20% higher than in ILW-1, were performed with a wider variation of discharge shapes and inner and outer strike points more often on the horizontal target tiles (Tiles 4 and 6). The ILW-2 campaign also had a significantly higher amount of neutral gas input ( Table 1 ) 
Experimental
Nine long-term samples (LTS) were exposed during the ILW-2 campaign and were identical to samples exposed in the ILW-1 campaign [11] . The samples were made from Inconel and mounted as inserts in beryllium coated Inconel tiles between IWGLs. The LTS surfaces were artificially roughened by sand-blasting, see [11] ( Fig 1 ) for a scanning electron microscopy image. One half of the LTS surface was coated with tungsten using physical vapor deposition, the initial thickness of the tungsten layer was about 42 nm. The other half was coated with a Be layer of approximately 2.5 μm thickness.
Sample positions were identical to those during the ILW-1 campaign: Four samples were mounted in octant 4 at different poloidal locations (rows 2, 5, 8 and 11 counting from the top of the wall), five samples were mounted close to the inner midplane in the 8th row in different octants (octants 1, 2, 5, 6 and 8), see Fig. 1 [11] . The configuration of the inner wall was similar in both campaigns [20] with a surface area of 7.2 m 2 for the Be-coated RAIW and 4.0 m 2 for the W-coated RAIW. The areas were calculated based on the sizes of W-coated CFC at the top region of the RAIW section between two limiters (33,124 mm 2 ) and of the Be coated Inconel making up the rest of the RAIW region between two limiters (667,680 mm 2 ), and the distribution of W-coated CFC and Be coated Inconel surfaces on RAIW ( [ 11 ] ( Fig 1 ) ).
The samples were analyzed using ion beam analysis methods before and after exposure. Elastic backscattering (EBS) using 1.6 MeV protons at a scattering angle of 165 0 was used to measure the layer thicknesses. The SIMNRA code [21] with SRIM 2013 [22] stopping powers was used for quantitative evaluation of the RBS spectra. See [11] for details of the analysis. To improve the accuracy in determining Be erosion the 9 Be(p,p) 9 Be backscattering as well as the 9 Be(p,d) 8 Be and 9 Be(p, α) 6 Li reactions cross-sections have been measured for the detector geometry with 165 °scattering angle [23] and applied to the quantitative analysis of the measured spectra.
Net erosion rates were calculated from the amounts of the eroded material for all samples using the total time of successful (I p > 0.7 MA) discharges obtained from JET discharge statistics ( Table 2 ). For the condition where I p > 0.7 MA is satisfied, the total plasma time of the ILW-2 campaign was about 10% longer than the plasma time of the ILW-1 campaign. Similarly, the durations of the limiter-and divertor-phases were about 10% longer in the ILW-2 campaign. It should be noted that because different publications [18] use slightly different discharge success thresholds, some discrepancies might exist in the erosion rate data.
Results and discussion
The poloidal and toroidal distributions of the erosion rates of Be and W during the ILW-2 campaign, as well as during the ILW-1, 20 05-20 09 (Be and C erosion) and 20 01-20 04 (W erosion) JET-C campaigns are shown in Fig. 2 . Average RAIW erosion rates were calculated based on the erosion data from the individual samples and are summarized in Table 2 . In the following discussion W and Be RAIW erosion rates from ILW-2 are compared with ILW-1, all erosion rates are summarized in Table 3 . A detailed comparison of the ILW-1 erosion with that from previous JET-C campaigns can be found in [11] . The net W erosion distribution was almost homogeneous in poloidal and toroidal directions for both the ILW-1 and ILW-2 campaigns ( Fig 2 c and d) . The relative standard deviation (RSD), that is the standard deviation divided by the mean value, for the toroidal distribution was 0.11 and 0.2 for ILW-1 and ILW-2 respectively; 0.19 and 0.11 for the poloidal distributions in ILW-1 and ILW-2 respectively. The net erosion rates for the area near the midplane were almost the same for both campaigns ( Fig 2 c) , differing by only about 5%. The average net erosion rates for the RAIW taking toroidal and poloidal variations into account are shown in Table 3 and are also almost the same. The total amount of W eroded from the W-coated areas of the RAIW during the whole ILW-1 campaign was 0.7 g and 0.8 g for ILW-2 campaign based on the total erosion data ( Table 3 ) in units of atoms/cm 2 multiplied by the surface area of the RAIW and by the atomic mass of W. For a hypothetical 11.2 m 2 full W RAIW, the total net erosion would have been about 2 g for ILW-1 campaign and 2.2 g for ILW-2. In terms of thickness, an average thickness of 9.3 nm W layer was removed during the ILW-1 campaign, and 10.2 nm in the ILW-2 campaign.
The toroidal distribution of the Be erosion remained the same in the ILW-2 campaign as in the ILW-1 campaign and was fairly homogenous ( Fig 2 a) (RSD of 0.22 and 0.33 for ILW1 and ILW-2, respectively). The poloidal distribution of Be erosion was also fairly homogenous (RSD = 0.13) and was similar to the erosion of Be samples measured during the 20 05-20 09 campaigns ( Fig 2 b) . The net erosion rates for the area near the midplane differed by a factor of about two as shown in Fig. 2 a: 7.9 ·10 13 atoms/cm 2 s for the ILW-1 campaign and 3.12 ·10 13 atoms/cm 2 s for the 2013-2014 campaign. The average net erosion rate for the RAIW taking toroidal and poloidal variations into account was also two times higher in the ILW-1 campaign than in the ILW-2 campaign ( Table 3 ). The total amount of Be eroded from the Be-coated areas of the RAIW during the whole ILW-1 campaign was 3.8 g and 2.1 g for the ILW-2 campaign with a 5.5 g and 3.2 g erosion for a hypothetical full Be wall for the ILW-1 and ILW-2 campaigns, respectively. This translates to an average thickness of eroded Be of about 272 nm for ILW-1 and of about 158 nm for ILW-2.
While the W net erosion rate remained virtually the same, the Be erosion rate decreased by a factor of about two from the ILW-1 to the ILW-2 campaign. Erosion at these recessed areas is predominantly by charge-exchange neutral particles. Due to the high sputtering threshold energy of tungsten the erosion of tungsten is mainly caused by high-energetic particles originating from deeper inside the plasma. Beryllium is predominantly eroded by lowerenergetic neutral particles originating from the edge plasma. The observed unchanged erosion rate of tungsten but decreased erosion rate of beryllium in higher power plasma discharges appears paradoxical at first sight. However, it could be explained by a decreased flux of lower-energetic neutral particles to the wall. This may be due to decreased neutral recycling fluxes, for example due to a larger mean clearance of the plasma to the inner wall, or due to a decreased plasma edge ion temperature. At the same time, the fluxes of high energetic particles from deeper inside the plasma seem not to have increased significantly by the only 20% increase in the average discharge power, resulting in an unchanged W erosion rate.
But it should be also kept in mind that net erosion measured by the method used in this paper is the difference between gross erosion and redeposition. A decrease of net erosion may be also the result of increased redeposition of material transported from other regions, caused for example by a higher beryllium erosion rate at the limiters.
Overall, the profound changes of main chamber wall erosion as observed during the ILW-1 campaign are confirmed by the observed inner-wall erosion during the ILW-2 campaign, where even lower net erosion rates are observed. Compared to the carbon net erosion rate during the 20 05-20 09 campaign the Be net erosion rate during the ILW-2 campaign decreased even further and was 9 times lower than the carbon erosion rate. The overall ratio of C Be and W erosion rates was C:Be:W ≈270:31 ÷140:1, which shows higher relative erosion rates of Be and especially C than predicted in literature for ITER [24] , likely due to the influence of low energy particles.
Further analysis of the erosion/deposition pattern on main chamber wall limiters and of the deposition pattern on divertor tiles in ILW-2 is still pending. Nevertheless, it can be already concluded that the profound change of the erosion/deposition pattern in JET was not an outlier of the ILW-1 campaign (caused for example by the limited applied heating power or the limited variation of plasma shapes), but is observed also in the ILW-2 campaign with somewhat increased heating power and different plasma shapes.
Conclusions
The erosion of Be and W marker layers was investigated using long-term samples (LTS) exposed during the ILW-2 campaign and was compared with the Be and W erosion data from the ILW-1 campaign and with C erosion from the 20 05-20 09 JET-C campaign. The marker layers were analyzed using elastic backscattering before and after exposure.
The W net erosion rate remained the same in all observed campaigns, both with respect to distribution and erosion rate. The toroidal distribution of the Be net erosion rate remained the same in the ILW-1 and ILW-2 campaigns. The poloidal distribution became more homogenous in ILW-2. The net erosion rate of Be decreased by a factor of about two from the ILW-1 to the ILW-2 campaign and was lower by a factor of about 9 than C net erosion in the 20 05-20 09 JET-C campaign. The profound change of the erosion/deposition pattern as observed during the ILW-1 campaign is confirmed in the ILW-2 campaign with respect to inner wall erosion, but further analysis of the erosion/deposition pattern on main chamber wall limiters and of the deposition pattern on divertor tiles is still necessary.
